Sugar phosphates provide metal-binding sites both at their sugar core and at their phosphate group(s). Mixed sugar-core-phosphate chelation has been considered as a typical bonding mode within the physiological pH range for the central metabolite 
Introduction
Sugar phosphates play an important role in all organisms. They are ubiquitous in metabolic pathways such as the pentose phosphate pathway or glycolysis. Some reactions of these pathways are catalysed by metalloenzymes that contain divalent metal centres, namely magnesium, 1,2 iron 3 or zinc, [4] [5] [6] [7] [8] in their active sites. The dications are assumed to become chelated by the sugar-phosphate substrates during the catalysed reaction. Examples for such metalloenzymes include class-II aldolase, 4, 5 ribulose 1,5-bisphosphate carboxylase 1, 2 and glucose 6-phosphate isomerase. 6 Crystal-structure analyses of enzymes loaded with their natural substrates are available for all these examples and show the sugar phosphate in its activated form. However, information on the rules of metal chelation by sugar phosphates in their stable state is sparse. Depending on the pH value, various sugar phosphate bonding modes appear to be accessible. In the extreme cases of alkaline and acidic solutions, either the deprotonated hydroxy functions of the sugar core chelate the metal or only the phosphate groups coordinate, respectively. 9, 10 Mixed sugar-core-phosphate chelation as a typical bonding mode close to the physiological pH has been considered particularly for the significant bioligand D-fructose 1,6-bisphosphate. Thus, Scheme 1 shows the mixed bonding mode as deduced from NMR spectra for the metal fragments Pd II (en) and Al III (tacn) (en = ethane-1,2-diamine, tacn = 1,4,7-triazacyclononane). 9 In fact, this coordination pattern was found in the enzyme 3,4-dihydroxy-2-butanone-4-phosphate synthase. 8 However, no detailed analysis of this special coordination type outside an On an experimental basis, we used recently published findings on the NMR-spectroscopic trace of Re V O-carbohydrate chelation. [12] [13] [14] [15] Specifically, the Re V centre entails a marked 'coordination-induced shift' (CIS) of about 20 ppm to the 13 C NMR signals of those carbon atoms bound to Re-coordinating oxygen atoms. 12 Taken together with structural information derived from 3 J H,H and 3 J P,H coupling constants as well as X-ray results on model compounds, the mixed sugar-core-phosphate chelation of a metal centre by a sugar phosphate was comprehensively analysed.
Experimental

Methods and materials
All chemicals were purchased and used without further purification: ammonium perrhenate (ABCR), triphenylphosphane (Acros), N,N,N′,N′-tetramethylethane-1,2-diamine (SigmaAldrich), 1,10-phenanthroline (Aldrich), deuterium oxide, methanol-d 4 )] (Na-1). Trisodium D-fructose 1,6-bisphosphate octahydrate (176 mg, 0.50 mmol), trans-[ReOCl 3 (PPh 3 ) 2 ] (418 mg, 0.50 mmol), N,N,N′,N′-tetramethylethane-1,2-diamine (75.0 μL, 0.50 mmol), and NEt 3 (208 μL, 1.50 mmol) in 250 mL methanol were stirred at RT for 48 hours, yielding a clear blue solution. After the solvent was removed, the blue residue of Na-1 was washed with acetone and dissolved in methanol-d 4 
(418 mg, 0.50 mmol), N,N,N′,N′-tetramethylethane-1,2-diamine (75.0 μL, 0.50 mmol), and NEt 3 (139 μL, 1.00 mmol) in 250 mL methanol were stirred at RT for 48 hours, yielding a clear blue solution. After the solvent was removed, the blue residue was dissolved in acetone (40 mL). Colourless crystals of by-products such as triphenylphosphane were formed within 1 hour at RT. After the colourless crystals were removed by filtration, blue crystals of 2·2H 2 O were formed together with a small amount of further colourless crystals of by-products within 5 hours at RT. The crystals were dissolved in D 2 O for NMR investigation. The yield of the mixture of blue and colourless crystals was 75 mg (ca. 5 mg of by-product). Due to the fact that the blue product crystals were compounded with a small amount of colourless crystals of by-products, an elementary analysis was not conducted.
)]· MeOH (3·MeOH). Disodium rac-glycerol 1-phosphate hydrate (108 mg, 0.50 mmol), trans-[ReOCl 3 (PPh 3 ) 2 ] (418 mg, 0.5 mmol), 1,10-phenanthroline (90.1 mg, 0.5 mmol), and NEt 3 (138.6 μL, 1.0 mmol) in 250 mL methanol were stirred at RT for 48 hours, yielding a clear yellow-brown solution. After the solvent was removed, the brown residue was washed with acetone and completely redissolved in methanol (80 mL). Green crystals of 3·MeOH were formed together with a small amount of colourless crystals of by-products such as triphenylphosphane within 2 weeks at 4°C. The yield of the mixture of green and colourless crystals was 71 mg (ca. 5 mg of byproduct). Due to the fact that the green product crystals were compounded with a small amount of colourless crystals of by-products, an elementary analysis was not conducted.
Analytical data of product complexes. Na-1: Results and discussion 
)]
− (1) monoanion, Na-1 (Scheme 2).
Since attempts to crystallise a salt of 1 failed, we extended the study to rac-glycerol 1-phosphate. As shown in Scheme 3, glycerol 1-phosphate mimics that part of fructose 1,6-bisphosphate which coordinates to the Re (Fig. 2) . Crystal-structure analysis (Table 2) showed that the lengths of the Re-N and Re-O bonds were in the same range as the bond Fig. 1 
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This 12 Regarding the Re-O( phosphate) bond, one should note that no other crystal structure containing a phosphate group coordinating to a Re V O centre is available yet. The only similar crystal structure available was the one of a diester of phosphoric acid coordinating to a Re V O centre. 18 Here, the Re-O P distance amounted to 1.988(4) Å, shorter than the value determined for 2.
In the crystals of 2·2H 2 O, the phosphate group was monoprotonated just as the phosphate groups in the fructose 1,6-bisphosphate complex were in terms of mass spectrometry. Mass-spectrometric analysis of 2 confirmed the crystallographic result by showing signals only for the mono-protonated form. Solutions of the blue crystals of 2 in D 2 O (pH ∼ 5) were investigated by NMR spectroscopy. The 13 C NMR spectrum is shown in Fig. 3 . The 13 C and 31 P NMR chemical shifts are given in Table 1 .
The CIS values found were in agreement with the crystallographically determined κ Further evidence that the mixed sugar-core-phosphate bonding mode can be reliably addressed was obtained with 1,10-phenanthroline (phen) as the spectator ligand. Though phen proved unsuitable in terms of the solubility of the obtained products as a prerequisite for NMR analysis, another crystalstructure analysis succeeded ( (Fig. 4) .
Again, the phosphate group was found to be mono-protonated by high-resolution mass spectroscopy. Furthermore, the similarity of the two crystal structures was obvious in terms of bond lengths and angles (Fig. 2, Fig. 4 ).
Conclusions
Mixed sugar-core-phosphate chelation may be considered as an initial bonding mode of D-fructose 1,6-bisphosphate to a metal centre close to the physiological pH. The metrical and spectroscopic characteristics of the tridentate mode of this bonding type were analysed by X-ray diffraction, various NMR techniques and mass spectrometry by using Re V O(N 2 ) metal fragments as the probes (N 2 = tmen, phen). Experiments with the D-fructose 1,6-bisphosphate model rac-glycerol 1-phosphate confirmed the extension of the stable five-membered chelates as found in analogous methyl-glycoside complexes by sevenmembered, phosphate-containing chelate rings. Hence, 2 and 3 are the first crystalline complexes that feature this special coordination pattern. The close similarity of the NMR-spectroscopic and mass-spectrometric results on both D-fructose 1,6-bisphosphate and glycerol 1-phosphate chelates confirms the similarity of the metal centres' bonding situation in both environments. Dalton Transactions Paper
